[1] The isotopic, taxonomic, and nutrient dynamics of protist communities at the bottom of first-year sea ice were studied for a wide range of ice conditions during the springsummer transition in the southeast Beaufort Sea. In bottom ice, total protist abundance ranged from 0.07 to 9.94 Â 10 9 cells m -2 and chlorophyll a biomass ranged from 0.33 to 110 mg m -2 . Both variables were positively related to the concentrations of nitrate, silicic acid, and phosphate at the ice-water interface, with r 2 values between 0.63 and 0.79. Results showed that the d
Introduction
[2] Annual sea ice is a major feature of polar oceans and has diverse impacts on their physical and biogeochemical dynamics. It is known to be a common habitat for several metazoans (e.g., nematodes, turbellarians, rotifers, and crustaceans) that live mostly in the brine channels or attached to the underside of the ice [Werner, 1997; Gradinger, 2001] . Their main food source is protists that thrive in the bottom few centimeters of sea ice. These cells are also known to be harvested by pelagic copepods upon their release at the ice-water interface (IWI) and into the water column [Runge and Ingram, 1991; Conover and Siferd, 1993; Soreide et al., 2008; Tamelander et al., 2008] , where they provide the first major feeding opportunity after several months of starvation [Michel et al., 1996; Fortier et al., 2002] . Although the release of ice protists to the water column during the spring-summer transition is ubiquitous in polar seas [Gosselin et al., 1990; Michel et al., 1996; Juul-Pedersen et al., 2008] , many questions remain about the nature, fate, and function of this material. Previous investigations have arrived at different conclusions and suggest that ice protists either sink rapidly to the sea floor and fuel benthic food webs [Ambrose et al., 2001 [Ambrose et al., , 2005 Hobson et al., 2002; Forest et al., 2007] or remain suspended long enough to feed planktonic consumers [Michel et al., 1996 JuulPedersen et al., 2008] or seed the pelagic bloom [Garrison et al., 1987; Michel et al., 1993; Haecky et al., 1998; Lizotte, 2001] .
[3] The contribution of ice protists to total annual primary production is highly variable across regions, ranging from less than 3% in coastal environments to 57% in the central Arctic Ocean, where pelagic annual primary production is low [Legendre et al., 1992; Gosselin et al., 1997; Lizotte, 2001] . The wide range in estimates of the contribution of these primary producers in the pelagic and sympagic (iceassociated) environments of the Arctic is certainly due to regional variability but also to uncertainty and divergence in the methods used to assess algal production. Even if ice protist communities make a substantial contribution to annual primary production, the main factors that determine their biomass are not well constrained. Moreover, with the shortening of the ice-covered period and the transition from a perennial to annual ice cover in offshore regions, the productivity and ecological significance of ice protists may change. While sympagic primary productivity could increase because first-year sea ice can support higher biomasses than multiyear ice , it could also be impaired by early seasonal melt.
[4] The study of carbon (C) and nitrogen (N) isotopes in organic matter is a useful tool to gain insights into the growth conditions of algae [e.g., Schubert and Calvert, 2001] and, potentially, on the flow of ice-derived matter in the marine environment and food web [e.g., Tremblay et al., 2006; Gradinger, 2009] . This is possible because the availability of the dissolved inorganic carbon (DIC) and nitrogen (DIN) used for primary biosynthesis affects the isotopic signature of their particulate organic counterparts (POC and PON) in the ice [e.g., Michener and Lajtha, 2007] . For PON, the isotopic nitrogen signature reflects processes such as nitrogen recycling and heterotrophy as well as the degree of DIN depletion [Peterson and Fry, 1987; Cifuentes et al., 1989; Iriarte et al., 1998; Michener and Lajtha, 2007] . The C isotopic signature of POC has been shown to reflect the amount of biomass synthesized and the concurrent depletion of DIC in perennial sea ice for the Southern Ocean [Kennedy et al., 2002] . In the Arctic, key mechanisms influencing the isotopic signature of the particulate organic matter (POM) in different types of ice are not well known and investigation is required to assess the usefulness of isotopic methods in food web reconstructions or food source determination [e.g., Hobson et al., 1995 Hobson et al., , 2002 Dunton et al., 2006; Forest et al., 2011] .
[5] In this paper, we investigated first-year landfast ice and drifting ice floes at different stages of seasonal maturity to evaluate the effect of biological and environmental parameters on the isotopic signature of sympagic POM. Our working hypotheses were (1) that the availability of DIC and DIN as well as the composition of the protist community have a major influence on the isotopic signatures of sympagic POM and (2) that stable C isotopes can be used to detect the input of biologically produced ice-derived matter (hereafter referred to as "ice-derived matter") to the upper water column. These hypotheses were tested by assessing bulk properties of sympagic POM and by partially separating its major constituents by size fractionation and in settling columns (SetCol). The latter aimed at sorting organisms and their isotopic signatures on the basis of buoyancy and/or motility under simulated release conditions in order to infer their potential fate in the water column. Large diatoms are expected to sink rapidly to the bottom while small flagellated cells should remain in suspension in the settling column. One large floe was also selected for a short temporal study of the interaction between sympagic and pelagic communities.
Methodology

Study Area and Sampling
[6] All samples were collected in the southeast Beaufort Sea from 6 April to 2 June 2008 during the International Polar Year Circumpolar Flaw Lead system study. Fifteen ice stations were visited by the Canadian research icebreaker CCGS Amundsen with an interval of 1 to 7 days between stations. One drifting ice floe (D43) was selected for coupled sampling of the ice and water column every third day during 12 days ( Figure 1 ). [7] On each sampling occasion, snow depth and ice thickness were measured and a total of 3 to 10 cores were taken using a manual corer (Mark II coring system, 9 cm internal diameter; Kovacs Enterprises). The bottom 3 cm (before 27 April, see Table 1 ) and then 10 cm sections of the cores were cut and placed in a dark isothermal container for transportation back to the ship. Prefiltered surface seawater (FSW) (100 mL for every cm of ice core) was added to the 3 cm and then 10 cm subcores to minimize osmotic stress during melting [Garrison and Buck, 1986] . The 10 cm core sections were used instead of the bottom 3 cm because it led to lower protist concentration due to larger volume of FSW added for melting. This shift in the core section collection was made to avoid unrealistic cell aggregation and sinking rates in the SetCol. The melted ice cores were pooled together for further analyses and incubations.
[8] Water samples for POM and taxonomy analyses were taken at IWI, 5 m, and 30 m depth (25 m for taxonomy). A manual pump was used at IWI and 5 m to draw water through a hole in the ice and the ship's rosette was used to collect water at 25 and 30 m.
Nutrients and DIC
[9] The concentrations of macronutrients were determined in IWI water and a distinct set of melted ice cores. Concentrations in melted ice cores were postcorrected for dilution by the added FSW. Samples were collected in acid-washed 15 mL tubes. Large particles were removed by filtration through Whatman GF/F glass fiber filter (nominal pore size of 0.7 mm) mounted on a filter holder attached to a syringe. Samples were stored in the dark at 4 C and analyzed within 24 h. Colorimetric determinations of nitrate + nitrite, nitrite, and of soluble reactive phosphorus and orthosilicic acid (hereafter abbreviated as phosphate and silicic acid) were performed on an Autoanalyzer 3 (Bran & Luebbe) with routine methods adapted from Grasshoff et al. [2009] . Analytical detection limits were 0.05 mmol L -1 for nitrate + nitrite, 0.02 mmol L -1 for nitrite, and 0.05 and 0.1 mmol L -1 for phosphate and silicic acid, respectively. For brine DIC samples collection, a sackhole (a hole drilled through most but not all of the ice column which enables the percolation and collection of brine) was drilled down to 15 cm above the bottom of the ice. The brine from adjacent brine channels and pockets was allowed to seep into the sackholes for 10-60 min before collection with the hole covered with a plastic lid [Gleitz et al., 1995] . Surface water (5 m) and bottom ice samples (10 cm) were also collected with a Niskin bottle and a manual corer, respectively, for DIC determination. DIC were measured on the ship by coulometric titration using a VINDTA 3C (Versatile Instrument for the Determination of Titration Alkalinity) (see Shadwick et al. [2011] and Geilfus et al. [2012] for further details on the sampling and analytical methods for DIC).
Protist Stocks and Taxonomy
[10] Chlorophyll a (chl a) concentrations were determined fluorometrically from melted ice core subsamples and 5 m water samples filtered on Whatman GF/F glass fiber filters and extracted in 90% acetone for 18 to 24 h at 4 C in the dark. The concentration (mg L -1 ) of pigments was estimated with a 10-AU Turner Designs fluorometer according to the acidification method described in Parsons et al. [1984] and ).
[11] The identification and enumeration of protists in pelagic and SetCol subsamples preserved in Lugol's acidic solution were performed using an inverted microscope after preconcentration in settling chambers when necessary. A minimum of 400 cells with cellular content were counted and sized in each sample to describe the taxonomic composition and size structure of the sympagic community. The abundance of total protist and of main taxonomic groups in bottom ice were recalculated with the respective abundance and volume of each section of the SetCol. Diatoms known to grow in bottom ice were identified and enumerated in the pelagic samples and labeled as "known ice diatoms". The main references used for protist identification were Medlin and Hasle [1990] and Tomas and Hasle [1997] .
Concentrations and Isotopic Signatures of POM
[12] Replicate samples for bulk sympagic and pelagic POM were filtered onto precombusted Whatman GF/F filters. Sympagic material was also screened onto 20 mm polycarbonate filters (Poretics) and collected on precombusted Whatman GF/F filters to isolate the small-sized POM pool. To obtain enough material for isotopic analysis, a minimum of 20 mL and 13 L was filtered for ice and water samples, respectively. The filters were dried at 60 C for at least 24 h and stored dry until further processing at the home laboratory. One replicate was soaked in 1 N HCl to remove carbonate and used for d 13 C data [Kennedy et al., 2005] . Isotopic ratios and POC biomasses were determined using an elemental analyzer (Costech-ECS) coupled to an isotope ratio mass spectrometer (Thermo Finnigan DeltaPlus Advantage) in the continuous-flow mode (ConFlo III).
[13] Isotopic signatures are expressed as a deviation (d in %) from international standards.
where X is the heavy isotope and R is the corresponding [Qi et al., 2003; Coplen et al., 2006] , which are calibrated against Vienna-PDB for carbon and atmospheric N 2 for nitrogen. Several international standards were included at the beginning and end of each run, while working standards of acetanilide were interspersed regularly between samples to correct for eventual drift. The sample-to-sample analytical precision was 0.4% for d 13 C and 0.6% for d 15 N.
SetCol
[14] Melted ice samples were held into SetCol to separate protists on the basis of their buoyancy and/or motility following the technique of Bienfang [1981] . Samples were incubated between 4 to 6 h in the dark and at a constant temperature of approximately -1.5 C. Each section (top, middle, and bottom) was collected separately after incubation for taxonomic and isotopic analyses.
Analytical Considerations
[15] Since all the variables used in the present study are subject to measurement error, a ranged major axis (or model II) linear regression that distributes error on both the x and y variables, was used to assess functional relationships between pairs of variables [Legendre and Legendre, 1998 ]. A square root transformation was performed on total protist abundance and chl a biomass to obtain normality of distribution. Otherwise, all other data used for linear regressions in this paper were normally distributed.
[16] One-way analysis of variance (ANOVA) tests were performed on the relative contribution of flagellates, dinoflagellates, and diatoms between sections of the SetCol. Prior to statistical analyses, variables were tested for normality of distribution and homoscedasticity. When required, an arcsin square-root transformation was applied to the data [Sokal and Rohlf, 1995] .
Results
Ice Protists and Nutrients
[17] The different ice types (i.e., landfast and drifting) sampled over shallow and deep waters (53-558 m) ranged broadly in thickness (84-170 cm) and snow cover (0-10 cm) ( Figure 1 and Table 1 ). Seasonal ice melt began early in the offshore southeast Beaufort Sea, leading to a release of ice protist during early May. Coastal stations in Franklin Bay (landfast ice stations F1, F2, and F2-1) and near Banks Island (D46) retained high ice protist stocks (Figure 2 ) until middle and late May, respectively.
[18] Total protist abundance in bottom ice ranged from 0.07 to 9.94 Â 10 9 cells m -2 and followed roughly the same trend as chl a biomass, which ranged from 0.33 to 110 mg m -2 (Figure 2 ). Both variables were positively related to (Table 1) while air temperature rose seasonally.
[19] Sympagic protist communities were dominated by large pennate diatoms (> 20 mm) from the families Nitzschiaceae (mostly Nitzschia frigida) and Naviculaceae (mostly Navicula pelagica), which accounted for an average 48.6% and 19.4% of total protist abundance, respectively, except at station D46 (Figure 2 ). The sympagic community Figure 3 . Model II linear regressions of chlorophyll a biomass and total protist abundance in bottom ice against the concentrations of (a) nitrate (n = 11), (b) silicic acid (n = 11), and (c) phosphate (n = 8) at IWI. None of the intercepts are significantly different from zero.
PINEAULT ET AL.: ISOTOPIC DYNAMIC OF SEA ICE-ALGAE at D46 was composed by 77.5% of centric diatoms (i.e., Melosira arctica and Attheya septentrionalis) that are commonly seen in association with sea ice [Tomas and Hasle, 1997] . Considering all stations, an average 16.8% of total protist abundance included other genera of pennate diatoms like Fragilariopsis, Pseudo-nitzschia, Synedropsis, Pseudogomphonema, and unidentified ones. Ubiquitous small-sized flagellates (< 20 mm) formed 9.5% of total protist abundance, while the average contribution of dinoflagellates and ciliates was 3.2% and 0.1%, respectively.
[20] At the IWI, the concentrations of silicic acid (y) and nitrate (x) were positively related (y = 1.99x + 2.03, r 2 = 0.97; Figure 4 ). The intercept at 2.03 indicates that a substantial amount of silicic acid at the IWI would remain present once nitrate is fully depleted. Both the slope and intercept of the linear relationship were significantly different from zero.
Isotopic Signatures of Sympagic POM
[21] The d 13 C of sympagic POM was closely linked to ice protist stock and POC biomass, showing a clear enrichment in 13 C (or a less negative signal) with increasing chl a, POC, and total protist abundance (Figures 5 and 6 ) and with decreasing DIC concentration (Figure 7) . However, the d 15 N of sympagic POM did not correlate with any index of ice protist stock nor with any other variables measured in this study, including nutrient concentrations, the proportion of potential heterotrophs in bottom ice (e.g., dinoflagellates and ciliates) as well as the size structure of the sympagic community and PON biomass (data not shown). The POM fraction smaller than 20 mm had consistently more negative d
13
C and a higher proportion of flagellated cells (i.e., flagellates and dinoflagellates) than total POM (Figures 8a and  8b ). On average, flagellated cells contributed 75% and 12.7% of all cells in the small size fraction and the total community of sympagic protists (Figure 8b ).
SetCol Experiments
[22] The results of settling experiments fall in two groups. The majority of experiments produced the highest total protist abundance in the bottom section, followed by the middle and top of the SetCol (Figure 9a ). Diatoms followed the same trend while no consistent pattern was discerned for flagellated cells (Figures 9b and 9c) . At stations F3, D45, and F5, however, the total and group-specific protist abundance was relatively low and similar across all sections. For flagellated cells, only 2 out of 11 stations clearly showed highest abundance in the bottom section, three stations had the highest abundance in the middle section and two in the top section (Figure 9c) . Considering all stations, the POM recovered from the top section systematically had the lowest d 13 C (Figure 9d ). These reduced d
13
C values generally coincided with a large relative contribution of flagellated cells and a small relative contribution of diatoms to total protist abundance, with the exception of stations D43, F1, and F5 (Figures 9e and 9f) . One-way ANOVAs highlighted the higher general relative contribution of flagellated cells to total protist abundance in the top section, and of flagellates in the middle section (Table 2 ). This test also showed that diatoms made a higher relative contribution than other groups to total protist abundance in the bottom section. No large herbivores and very few ciliates were observed in taxonomic samples from the SetCol (Figure 2 ).
Comparative Isotopic and Taxonomic Analysis of Sympagic and Pelagic POM
[23] The dual carbon and nitrogen isotopic signature of the sympagic and pelagic (5 and 30 m) POM is shown in Figure 10 . The d
C and d
15
N of pelagic POM ranged from -34.7% to -24.2% and from 0.0% to 10.3%, respectively, indicating partial overlap with sympagic POM for carbon and a considerable one for nitrogen.
[24] The temporal variation of d [25] The relative contribution of "known ice diatoms" to total protist abundance in the water column during the drift of ice floe D43 is shown in Figure 11b . At 5 and 25 m, this contribution followed a trend similar to that of pelagic d (Figures 11a and 11b) . Station D43-3 is an exception to this general trend because the d 13 C-POC at 30 m decreased strongly while the relative contribution of "known ice diatoms" at 25 m only slightly decreased. Various species of the genera Nitzschia and Navicula were the dominant ice diatoms observed in the water column. Flagellated cells made up 95% of total protist abundance in pelagic samples.
Discussion
[26] To our knowledge this investigation provides the first detailed evaluation of the key factors influencing the d 13 C and d 15 N of sympagic POM and its interaction with the water column over a wide range of ice types and oceanographic conditions in the coastal Arctic. To test our first hypothesis, isotopic signatures will now be examined in relation to ice protist stock, nutrient concentration, POC biomass, DIC availability as well as the composition of the protist community. Isotopic and taxonomic analyses of the pelagic and sympagic environments will then be compared to test our second hypothesis and to verify if ice-derived matter was detected in the suspended POM of the upper water column.
Factors Controlling Ice Protist Stock
[27] The typical seasonal sequence of ice protist growth begins with a progressive increase of biomass in response to greater light availability during early spring [Grossi et al., 1987; Lavoie et al., 2005; Różańska et al., 2009] . Protist stocks usually peak just before the onset of ice melt, after which they are rapidly released to the water column (see Riedel et al. [2006] and Różańska et al. [2009] for examples of a seasonal sequence in Franklin Bay). In 2008, ice melt in the southeast Beaufort Sea began by the end of April instead of early June [Galley et al., 2008] and led to an early release of ice protists. Consequently, some stations (F3, D45, and F5) showed very low chl a biomass and total protist abundance presumably due to previous release of ice protists. The chl a biomass measured in our study (0.33 to 110 mg m -2 ) were within range of previously reported values for bottom first-year sea ice in the Arctic (0 to 340 mg m -2 as given by Arrigo et al. [2010] ). However, the particularly high abundances of total protists in Franklin Bay (Stations F1, F2, and F2-1; Figure 2 ) were more than twofold larger than what was previously observed by Różańska et al. [2009] for the same region (between 2.24 and 9.94 Â 10 9 cells m -2 in our study compare to a range of approximately 0 to 4 Â 10 9 cells m -2 ). These high abundances coincided with the presence of very high nutrient concentrations at IWI (Figure 3 ) in response to localized upwelling events that took place during middle and late autumn 2007 .
[28] The positive linear regressions between ice protist stock and IWI nutrient concentration highlight the importance of nutrient availability as a bottom-up control on sympagic productivity and generalize previous observations made in the Chukchi Sea [Gradinger, 2009] . Nutrient concentrations in melted ice cores were also measured during our sampling period but showed relatively weak positive correlations with protist stock. Presumably because they are influenced by a variety of factors, including uptake, concentration in brines, and diverse remineralization processes Deming, 2010; Thomas et al., 2010] . The linear regression between silicic acid and nitrate concentration at IWI and its significant intercept at 2.03 (Figure 4 ) suggest that nitrate is the yield-limiting nutrient for ice protists, in agreement with previous studies in the Arctic Ocean [e.g. Smith et al., 1997; Różańska et al., 2009] .
[29] Silicic acid limitation of bottom ice communities has also been proposed for different regions of the Arctic Ocean and in the Antarctic Ocean Gosselin et al., 1990; Smith et al., 1990; Thomas et al., 2010 , and references therein] but our analyses suggests that nitrate rather than silicic acid supply (i.e. diffusion) from the water immediately adjacent to the ice determines final ice protist stocks in the southeast Beaufort Sea. Nitrate limitation in the southeast Beaufort Sea is presumably due to the high silicic acid:nitrate ratio of Pacific-derived waters relative to The letter A is given for a significantly higher relative contribution of a taxonomic group to a SetCol's section compared to others that show the letter B. Thus, the letter B represents a significantly lower relative contribution of a taxonomic group to a given section of the SetCol than the letter A. In the presence of both letters the relative contribution is not significantly different from the other sections. Stations F3, D45, and F5 were excluded from the analysis due to very low total protist abundance in all sections. 
Key Factors Influencing the Isotopic Signatures of Sympagic POM
[30] When excluding one anomalous sample with a C:N ratio of 21, we surmise that the majority of the POM present in our sympagic samples was marine and relatively fresh since its average molar C:N ratio was 11.5 (range 6.7-15.3) and showed no relationship with d 13 C (r 2 = 0.06; p > 0.05; n = 14; not shown). Such a relationship would be expected if POM was strongly influenced by degradation and/or terrestrial matter input. These processes possibly explain the anomalous sample that was associated with the lowest chl a biomass observed in our study (i.e., station F4 see Table 1 ). The clear links between sympagic d 13 C-POC, ice protists stock (Figure 5 ), POC biomass (Figure 6 ), and DIC concentration (Figure 7) suggest that POC became richer in 13 C as biomass accumulated and the pool of DIC declined. For the most part, this can be explained by the preferential uptake of 12 C by protists and the consequent concentration of 13 C in the remaining pool of DIC. As the pool of DIC decreases, protists eventually incorporate DIC with a high 13 C/ 12 C ratio and acquire a distinct isotopic signature [Rau et al., 1992; Laws et al., 1995 Laws et al., , 1997 Burkhardt et al., 1999; Kennedy et al., 2002] . The presence of a cohesive boundary layer and of exopolymeric substances around cells also acts to decrease DIC availability by limiting exchange with the brine [Krembs and Deming, 2008; Krembs et al., 2011] . Our findings are in good agreement with other Arctic studies reporting that sympagic POM gets richer in 13 C as biomass increases [Tremblay et al., 2006; Gradinger, 2009] .
[31] The absence of relationship between sympagic d 15 N-PON and ice protist stock suggests that isotopic fractionation during nitrate uptake is not the determinant N cycling process. On the one hand, heterotrophy could increase the d 15 N of sympagic PON [Peterson and Fry, 1987; Michener and Lajtha, 2007] if a sufficient amount of small consumers are present. However, no relationships were found between the relative abundance of potentially heterotrophic ciliates and dinoflagellates and d 15 N-PON. The relative contribution of these organisms never exceeded 6% of total protist abundance (see Figure 2) , consistent with previous reports of low microheterotrophic activity in first-year sea ice of the High Arctic [Gradinger, 2001; Michel et al., 2002] . However, previous studies have shown that bacterial activity has major effects on N cycling in bottom ice Harrison et al., 1990; Smith et al., 1990 Smith et al., , 1997 Dieckmann et al., 1991; Deming, 2010; Rysgaard et al., 2008] and that N recycling affects the isotopic signature of PON [Cifuentes et al., 1989; Iriarte et al., 1998 ]. Future studies aiming to understand the key factors influencing sympagic d 15 N-PON should therefore consider a parallel investigation of major N fluxes.
[32] In the present study, the provenance of the PON found in the water column could not be assessed from N, which showed considerable variability and overlap between the sympagic and pelagic biota (Figure 10 ). This result underscores the need to assess the dynamics of d 15 N in both environments before using it to infer trophic level [Tamelander et al., 2006] . Other methods should be used for food source determination of a consumer. The d 13 C signature is a viable alternative, but it must be used with caution since a consumer feeding early in the sympagic growth cycle would ingest POM with a d 13 C (-27.1 to -22.0% see Table 1 and Figure 10 ) similar to that of water-column POM. The technique is much more powerful near the apogee of ice-algal growth when the isotopic separation of sympagic and pelagic POM is maximum.
Experimental Approach to Reproduce the Release of Ice Protists From the Ice
[33] The redistribution of organisms through the SetCol gave valuable insight into the potential of different sympagic protists to remain in the water column and provide food or seeding material to the pelagic biota. Total protist abundance is expected to increase toward the bottom of the SetCol, especially since the large pennate diatoms found in sea ice typically exhibit high sinking rates [Riebesell et al., 1991; Haecky et al., 1998 ]. Our data indicate that protists (Figure 9a ), particularly diatoms, behaved in this manner (i.e., all species of centrics and pennates; Figure 9b and Table 2 ). In contrast, this general trend did not apply to flagellated cells (except at two stations), suggesting they were usually ascending in the SetCol (Figure 9c ). This pattern was particularly striking at station F1 where the abundance of flagellated cells in the middle section was about eightfold higher than in the bottom one. Moreover, the ANOVAs highlighted a significantly higher presence of flagellated cells in the top and/or middle section compared to diatoms (Table 2) . These results are intuitive and suggest that flagellated cells (1) do not undergo strong osmotic stress as the ice melts during the spring-summer transition and (2) have a greater capacity to remain in the upper water column, whereas sympagic diatoms show a strong potential for rapid export to the sea floor. Moreover, because flagellated cells were moving in the SetCol, we are confident that our experimental approach adequately reproduced the release of sympagic protist from the ice. The presence of consumers in the SetCols would have biased interpretations but large herbivores (e.g., copepods) were absent and ciliates were rarely observed.
[34] The POC that passed through the 20 mm mesh had systematically lower d 13 C and a higher relative contribution of flagellated cells than total bottom ice sample (Figure 8 ). This observation implies that flagellated cells had a considerably lower d 13 C than diatoms and explains why d 13 C was consistently lower in the top section of the SetCol (Figures 9d and 9e ). Our finding is in agreement with Kopczyńska et al. [1995] , who showed that species assemblages composed of flagellated cells were much less enriched in 13 C than communities composed of large pennate diatoms in the pelagic environment of the Southern Ocean. The authors argued that low-d 13 C in flagellated cells were associated with low carbon content compared to large pennate diatoms, which possibly applies to our study area. In addition and perhaps more importantly, the motility and ability of flagellated cells to reduce the boundary layer in brine channels of the ice as well as their high surface to volume ratio due to their small size might have enhanced their access to DIC [Rau et al., 1990] . The analysis of size-fractionated and total d 15 N-PON did not show any consistent pattern (data not shown).
Detection of Sympagic Matter in the Upper Water Column
[35] The present study is the first to report values of pelagic d 13 C-POC as low as -34.7% in the Arctic Ocean (Figure 10 ). It is commonly accepted that d 13 C for pelagic POM in the upper water column ranges approximately from -22 to -28% [Peterson and Fry, 1987; Michener and Lajtha, 2007] and that low d 13 C values are caused by an input of terrigenous organic matter [e.g., Schubert and Calvert, 2001; Iken et al., 2005; Magen et al., 2009] . However, values as low as -36% have been reported for surface pelagic POM in the Southern Ocean [Michener and Schell, 1994] . Such low values of d 13 C were regarded as a consequence of high DIC concentrations in the water and the slow growth of algae caused by cold temperatures and low light regime [Gilstad and Sakshaug, 1990; Rau et al., 1992; Laws et al., 1995 Laws et al., , 1997 Burkhardt et al., 1999] . This scenario applies to our working area where water temperatures (ca. -1.7 C) were close to the freezing point and DIC concentrations (2127 to 2140 mmol kg -1 , see Table 1 ) were high in surface waters. The low availability of light imparted by the sea ice cover presumably kept the growth rates of pelagic primary producers low, as previously observed in laboratory studies [e.g. Gilstad and Sakshaug, 1990] . Also, the gradual 13 C enrichment of pelagic POM during the drift of ice floe D43 (Figure 11a ) coincided with a progressive rise in air temperature and pelagic chl a concentration. These observations are consistent with the release of ice algae during the drift of ice floe D43 and the substantial increase in the contribution of ice-derived matter to pelagic POM reflected in isotopic signatures. Overall, pelagic chl a concentrations remained very low (i.e. < 2 mg/L), which likely reflect a prebloom period.
[36] The increase in pelagic d 13 C-POC underneath ice floe D43 is supported by the increasing proportion of "known ice diatoms" in the pelagic protist community (Figure 11b) . The "known ice diatoms" observed in the water column were mainly from the families Nitzschiaceae and Naviculaceae (i.e., the predominant ice protist for ice floe D43, see Figure 2 ). The SetCol experiment at D43-2 showed that d 13 C-POC in the top and middle sections were similar to water column values at the three sampling depths (Figure 11a) , suggesting that organisms in these specific sections contributed to elevate pelagic d 13 C-POC. Given our prior discussion of SetCol data, this result implies that ice-grown flagellated cells made a greater contribution than ice diatoms to suspended pelagic biomass. Since sampling occurred during the prebloom period, flagellated cells accounted for 94.9% of total pelagic protists underneath D43 but, unfortunately, cannot be classified into sympagic or pelagic species by our microscopic analysis. Nonetheless, the increase of "known ice diatoms" in the water column and concurring rise in air temperature and, likely, ice melt, imply that flagellated cells were released as well.
[37] The reversal of d
13
C-POC to initial values at 30 m on the last day of the drift experiment appears inconsistent with the persistently elevated contribution of "known ice diatoms" (Figure 11 ). It is likely, however, that during the few days spent at the bottom of the euphotic zone, the algae released from the ice experienced growth conditions that differed from those at the surface and resembled those of phytoplankton at the onset of the drift period. This would alter the isotopic signal of ice-derived pelagic POM at 30 m even if the relative contribution of sympagic protists remains almost the same. This observation reveals an important caveat of the stable isotopic approach for tracing the fate of ice-derived matter in the pelagic environment: since the isotopic signature of small planktonic organisms can respond rapidly to changes in growth conditions, it provides a short-lived marker of transient ecological processes.
Conclusion
[38] Our results indicate that in the southeast Beaufort Sea, the d 13 C of sympagic POM was mainly influenced by ice protist stocks, POC biomass, and DIC availability and that flagellated cells maintain a low d 13 C relative to diatoms. This is, to our knowledge, the first report dedicated to understanding the key factors that influence the isotopic signature of total and group specific sympagic POM in bottom ice for the coastal Arctic. Furthermore, nutrients diffusing from the IWI are used by bottom ice communities and determine the maximum ice protist stocks and, indirectly, affect the d 13 C of sympagic POM. Nitrogen seems to be the yield-limiting nutrient for bottom ice protists, generalizing observations made for planktonic production in the southeast Beaufort Sea . However, the d 15 N of sympagic POM could not be explained by the availability of nitrate nor by any of the other factors considered and showed considerable overlap with pelagic POM. Caution should thus be used when assessing the trophic status of organisms or their main food source. Further research is needed to elucidate N cycling in bottom ice and its implications for the d 15 N signature and productivity of sympagic primary producers.
[39] This study confirmed that the analysis of stable C isotopes is a complementary tool to trace the flow of icederived matter in polar environments and that sympagic POM contributes to pelagic biomass during release episodes. Our analyses also highlighted the importance of exploring the drivers of POM isotopic signature before using it as a tracer of organic matter in the marine environment. Detailed analyses of d 13 C-POC through size fractionation and settling experiments demonstrated the strong potential of flagellated cells to contribute to pelagic biomass and by extension to affect the onset of pelagic primary production early in the vegetative period.
